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Abstract 

The major goal of my research was to develop a creatine chemical exchange saturation transfer (CrCEST) 

and Arterial Spin Labeling (ASL) imaging protocol for the study of peripheral arterial disease (PAD). 

Phosphocreatine metabolism is vital in highly oxidative tissues, such as the skeletal muscle of the limbs. 

Atherosclerotic diseases like PAD compromise downstream tissue perfusion, causing ischemia. 

31Phosphorus MR spectroscopy (31P MRS) has demonstrated a delayed phosphocreatine (PCr) recovery 

time constant after exercise in PAD patients compared to healthy subjects, but this method suffers from 

low SNR, does not produce an image, and requires multi-nuclear scanner hardware. CrCEST is a 

developing MRI method capable of quantitatively imaging creatine concentration that does not require 

multinuclear hardware and can be reliably performed at 3T field strength. This is a particularly unique 

imaging method for PAD that can provide quantitative functional and spatial information at a muscle 

group level. This can then be matched to muscle group perfusion quantification using techniques such as 

arterial spin labeling (ASL). We hypothesized that creatine kinetics provided by CrCEST can both 

distinguish between PAD patients and healthy controls and differentiate between responders and non-

responders to revascularization therapy. The goal of this project was to determine whether a CrCEST 

time series imaging protocol is capable of studying metabolic dysfunction in the skeletal muscle of 

patients with PAD and monitor disease progression and functional outcomes. We studied the 

relationship between metabolism and perfusion using CrCEST and arterial spin labeling MRI (ASL) in 

patients undergoing revascularization. This combined imaging protocol assessed changes post-

procedure in patients undergoing both endovascular angioplasty and surgical bypass to treat 

intermittent claudication and critical limb ischemia, and correlate imaging findings with functional 

changes in six-minute walk score metrics. Additionally, we developed a combined ASL and CEST imaging 

sequence capable of assessing metabolism and perfusion in a single post-exercise session. This allows 

faster imaging times, and reduced pain for patients with difficulty exercising.  



We hypothesized that ischemia in PAD leads to altered creatine concentration decay post-exercise in 

patients compared to age-matched controls. The effects of PAD on creatine metabolism are not fully 

understood, but prior studies with 31P MRS show an observable and repeatable difference in metabolism 

for PAD patients.[6] We also tested the ability of CrCEST to do so on a muscle group basis. Subjects 

performed plantarflexion ergometry to exhaustion or claudication using a calf ergometer that is capable 

of uniformly activating the calf muscles. 

We hypothesized that the shapes of creatine concentration decays post-exercise will change in response 

to treatment and provide information that will correlate with disease progression and functional 

outcomes. We scanned patients before and after surgical and endovascular revascularization, patients 

not receiving treatment, and receiving inorganic nitrate supplementation. Each imaging session included 

an exercise CrCEST protocol, followed by exercise-induced hyperemia ASL in order to compare the 

metabolism information from CrCEST to perfusion. This novel methodology provides a map of vascular 

and mitochondrial kinetics in the skeletal muscle that can be analyzed down to the muscle group level.  

The imaging protocol developed for the revascularization assessment involves two exercise periods to 

establish sufficient perfusion and metabolic endogenous contrast within the tissue. This extends total 

scanner use time and is painful for patients. We developed a single imaging sequence that can measure 

both CEST and ASL signal within the period of post-exercise hyperemia and increased metabolic 

energetics seen after plantarflexion.  

 

Chapter 1: Significance                                                                                                                                

Perfusion of oxygenated blood is necessary for the survival of all tissue within the human body. 

Atherosclerotic disease is the largest cause of death globally; most commonly leading to mortality 

through ischemic stroke and heart disease.[1] Peripheral arterial disease (PAD) is another major 

atherosclerotic disease affecting over 200 million worldwide, and is characterized by atherosclerotic 



lesions in the arteries supplying one or more limbs, leading to decreased perfusion in the tissue.[1] PAD is 

generally defined as a patient having an ankle brachial index (ABI) of <0.9. PAD leads to a major 

morbidity burden with over 5% of the general population over 40 being affected in the US.[2.3] Symptoms 

can severely limit mobility, and involve pain, weakness, and claudication, usually affecting the lower 

limbs. Within 5 years of diagnosis, 1-2% of patients will progress to critical limb ischemia (CLI) and will 

require a revascularization procedure or amputation, further limiting their mobility and quality of life.[4] 

Within 1 year of progression to CLI, 25% of patients will undergo an amputation, and 25% will 

experience CV mortality.[2,30] There is an unmet clinical need to understand the mechanisms and causes 

of progression of PAD in the lower limbs to improve treatment outcomes in patients.[1] The standard 

diagnostic test for identifying PAD is the ABI with doppler ultrasound. This is highly specific at the <0.9 

level but decreasing ABI does not correlate well with worsening function or outcomes.[8,31] 

Incompressible vessels as a result of vessel calcification also cause erroneously high ABI readings of >1.3. 

While ABI is useful in the screening of PAD, 6-minute walk scores remain the best endpoint in assessing 

function in PAD patients[8,31], but this can be affected by disease in either limb. After revascularization 

procedures, the ABI frequently increases in patients with no benefit in functional improvement for the 

patient or the limb.[4] ABI is a measure of bulk arterial flow and not indicative of tissue perfusion as has 

been shown using MR arterial spin labeling (ASL).[6,7,8]  A major challenge for the development of new 

therapies is the lack of quantitative measures for measuring tissue physiology such as energetics and 

perfusion. Large vessel inflow as measured by ABI and angiography does not reflect the tissue effects of 

therapies. CrCEST offers such promise as an attractive target for assessing benefits of revascularization, 

other novel therapies, and clinical outcomes in PAD.  

One technique to assess calf muscle physiology, specifically energetics, is phosphorus-31 (31P) 

magnetic resonance spectroscopy (MRS).[6] Phosphocreatine is used in the tissue as a secondary energy 

source to rephosphorylate adenosine diphosphate (ADP) after use without the need for aerobic 



respiration. After exertion, the phosphate group of phosphocreatine is expended and joins the free 

phosphate pool within the tissue until oxidative phosphorylation can occur in the mitochondria. 

Prolonged phosphocreatine recovery kinetics have been shown to be indicative of tissue ischemia in 

PAD.[6] 31P MRS has been available since the 1980s for evaluation of PAD, but suffers from low signal-to-

noise ratio due to the low concentration of phosphocreatine and small gyro- magnetic ratio leading to a 

low NMR sensitivity to 31P.[6] Specialized imaging hardware is necessary for detecting nuclei other than 

hydrogen and is frequently unavailable in clinical settings. Additionally, MRS typically results in 

frequency spectra rather than traditional images and has limited spatial resolution.[5] CrCEST is an 

imaging technique that does not require multispectral hardware and thus could theoretically be applied 

on any high field clinical scanner with the appropriate pulse sequence and thus has far broader clinical 

potential than 31P MRS. In addition, the ability to localize abnormal energetics to individual muscle 

groups could allow the development of vessel and thus muscle-specific revascularization therapies. Our 

group has developed novel non-contrast methods of measuring tissue perfusion in PAD subjects using 

arterial spin labeling (ASL) MRI after exercise or with thigh cuff occlusion/hyperemia.[11,15] Similarly to 

CrCEST, perfusion can be measured by ASL on a per muscle group basis. Combining these non-contrast 

measures of perfusion and energetics could offer significant potential for understanding the physiologic 

effects of revascularization and novel medical therapies on specific muscle groups in the calf. Perfusion 

as measured with single photon emission tomographic techniques has been shown to be an important 

marker of prognosis, predicting amputation-free survival in PAD.[13] Future studies will help determine 

whether perfusion, energetics, or the combination are the best predictors of PAD outcome. Our study 

used CrCEST and ASL to monitor improvements as a result of interventions. This was the first study 

comparing metabolic and perfusion imaging to functional outcomes like the 6-min walk score and limb 

outcomes. Oral inorganic nitrate supplementation through beet juice has been shown to increase 

plasma nitric oxide levels and decreases claudication symptoms in PAD patients shown through 



significant increases in exercise tolerance.[43] Our imaging protocol demonstrates whether there are 

significant changes in metabolism or perfusion accompanying any improvements in 6-min walk score as 

a result of this supplementation.  

Chapter 2: Background 

2.1.  Magnetic Resonance (MR) 

Nuclear magnetic resonance (NMR) spectroscopy has been used to distinguish molecular composition of 

substances since 1938.[56] Proton spins within the molecules of a substance in a static magnetic field 

precess at a specific frequency that allows for their identification and quantification.[56] [50] This method 

can also be applied in two dimensions to form an image with voxels representing a spatial map of 

quantitative measures of the specie of interest.  Magnetic resonance imaging (MRI) uses this method to 

create images for use in medical imaging. The formation of the signal in MRI relies on the alignment of 

rotating protons in the imaged object to a static external magnetic field (𝐵!) provided by the MRI 

scanner. These protons will precess about the main 𝐵! field in the longitudinal direction with angular 

frequency 𝜔!, known as the Larmor frequency 

𝜔! = 𝛾𝐵!					2 − 1 

[51][52]   

where 𝛾 is the gyromagnetic ratio of the protons being imaged.[51][52]  The longitudinal magnetization of 

the proton spins within the object of interest when placed in the 𝐵! field  is expressed as  

𝑀! =
𝜌!𝛾"ℏ"

4𝑘𝑇
𝐵!,							ℏ =

ℎ
2𝜋	

						2 − 2 

[51][52]   

where 𝜌! is the proton density of the object, ℎ is Plank’s constant, 𝑘 is Boltzmann’s constant, and 𝑇 is 

temperature. From this, the magnetization of the protons in the object of interest is proportional to the 

factors shown in equation 2-3. 



𝑀 ∝
𝛾"𝐵!𝜌!
𝑇

								2 − 3 

[51]   

Assuming that the temperature is not a modifiable constant (as with a human subject), the 

gyromagnetic ratio and proton density remain as the variable factors. Water is the most abundant 

molecule in the human body, making up around 70% of an adult.[58] The proton of 1H within the water 

molecule has a gyromagnetic ratio of 42.576 MHz/T, the highest of any molecule present in the human 

body. [51][52]  The 1H protons in water form the signal for the majority of MRI methods due to this 

resulting high magnetization. The strength of the 𝐵! field is dependent on the scanner being used, with 

1.5 and 3T scanners being most common for human imaging applications clinically.[51][52]  While higher 𝐵! 

fields do result in higher magnetization, it is more difficult to maintain a homogenous field and the costs 

associated with purchasing and running higher field scanners are much higher.[57] 

 In order to create transverse magnetization, the protons in the imaged object are excited by a non-

static external magnetic field 𝐵# applied by transverse RF coils within the MRI scanner.[51][52]   

𝐵# = 𝐵#(𝑡)(𝑐𝑜𝑠(𝜔!𝑡)𝑖 − sin(𝜔!𝑡) 𝑗)						2 − 4 

[51][52]   

The resulting change in magnetization is expressed in the Bloch equation  

𝑑𝑀@@⃗
𝑑𝑡

= 𝑀!@@@@@⃗ × 𝛾𝐵# −
𝑀$𝑖 + 𝑀%𝑗

𝑇2
−
(𝑀& −𝑀!)𝑘

𝑇1
						2 − 5 

[53] 

where i, j, and k are unit vectors in the x, y, and z directions. T1 is the spin-lattice relaxation constant, 

and T2 is the spin-spin relaxation constant, which are inherent properties of material that reflect the 

time of the return to baseline of the transverse and longitudinal magnetization respectively.[51][52]  The 

signal detected in the transverse coil used to detect the resulting signal, referred to as the receive coil, 

forms the basis of the MRI signal and resulting image.[51] 



2.2 Relaxation 

After perturbation by an external RF field, spins return to their original magnetization through the 

process of relaxation. In MRI, the return rate of longitudinal magnetization to its original state occurs 

according to the T1 constant of the imaged substance.[51] T1 is also referred to as the spin-lattice 

constant, as the return to baseline magnetization occurs as the deposited RF energy is dissipated into 

the environment surrounding the spins irrevocably. This process happens exponentially as so 

𝑀&(𝑡) = 𝑀! E1 − 𝑒
' (
)#G 							2 − 6 

[51][52]   

with the T1 constant being the time for 1 − #
*
 (~63%) of the longitudinal magnetization to return.[53][55] 

When full T1 relaxation has occurred, there is no remaining transverse magnetization. However, 

transverse magnetization can decay faster than this process due to spin-spin relaxation, or T2 relaxation. 

This process occurs as 

𝑀$%(𝑡) = 𝑀$%(0)𝑒
' (
)"											2 − 7 

[51][52]   

where the T2 constant is the time needed for #
*
 (~37%) of the transverse signal to remain.[53][55] While T1 

relaxation also contributes to the decay of transverse magnetization, there are additional spin 

interactions occurring within a voxel that cause the net transverse magnetization to decrease, such as 

spin dephasing or local static field inhomogeneities caused by dipole-dipole interactions of spins in a 

substance.[51] In general, pure substances composed of small molecules, like water, have the longest T1 

and T2 relaxation times. Field strength affects both constants in a non-linear manner, as the spin-lattice 

energy dissipation occurs when the molecular tumbling rate of a substance is equal to the Larmor 

frequency. [55] T1 is more affected by field strength than T2, and T2 is more affected by field 

inhomogeneity. [55]   



2.3 Off-resonance 

While 1H protons are the specie of interest in most MRI imaging, other molecular protons exist within 

the human body, and contribute to the MR signal read by the scanner. As in NMR spectroscopy, these 

species will precess about the main magnetic field at a Larmor frequency dependent on their inherent 

gyromagnetic ratio and are referred to as off-resonance spins.[50,51] A 𝐵# RF pulse tuned to the Larmor 

frequency of water 1H protons will not move spins with a slightly different Larmor frequency into the 

transverse plane as effectively. In the rotating frame of reference, an on-resonance 𝐵# RF pulse will 

move the magnetization into the transverse plane according to the prescribed desired flip angle, 𝛼.  

 

 

 

 

 

 

 

 

An off-resonance pulse applied with angular frequency 𝜔# to spins with a Larmor frequency of 𝜔 would 

instead have the magnetization precessing about an effective field, 𝐵@⃗ *++, as shown in Figure 1, with 

angular frequency, 𝜔*++ , described as 

𝜔*++ = M(𝜔! −𝜔#)" +𝜔#"											2 − 8 

[50][51][52]   

and observed angle from 𝐵! of  

𝜃 = cos'#(
𝜔! −𝜔#
𝜔*++

) 															2 − 9	 

Figure 1: The precession of a magnetic 
moment around the effective magnetic 
field in the rotating reference frame  
 From 
Brown, R.W. et al. (2014) Magnetic 
Resonance Imaging: Physical principles 
and sequence design. Hoboken, NJ: 
Wiley Blackwell.  



[50][51][52]   

which results in a smaller transverse magnetization than an on-resonance pulse. This effect is usually 

deleterious to MR signal and contrast, and various types of off-resonance correction are performed to 

correct for this issue .[44,60]  

2.4 31P 

Phosphorous-31 (31P) is another specie of interest in MRS. Its gyromagnetic ratio of 17.235	,-.
/

 is only 

40% of that of water but is still high enough to achieve acceptable magnetization for MRS.[54] 31P is a 

stable molecule, with nearly 100% isotopic abundance. Phosphorus makes up around 1% of the total 

mass of the human body, with 85% of that being in hydroxyapatite within bones. The remaining amount 

is in various phospholipids and phosphates present in every cell in vital components such as the cell wall, 

DNA, and Adenosine Triphosphate (ATP).[59] While the magnetic resonance signal from 31P in tissue is 

much lower than water, it can be detected with dedicated receive coils. 31P MRS is best performed 

under high magnetic fields (≥7T) but can be used with certain imaging applications at 3T as well. [54] At 

3T, the weaker magnetization and low abundance of 31P makes it necessary to record non-spatial data 

with a coil sensing the signal from all the tissue in its range. An example of a 31P spectrum is shown in 

Figure 2, where non-spatial data from the skeletal muscle of a human calf shows the relative abundance 

of 31P species. This method is useful for assessing metabolism, as phosphate groups are exchanged as 

cellular respiration occurs.[10,11,33,47,48] 

 

 

 

 

 

 

Figure 2: From Isbell 2006, a non-spatial 
31

P 
spectrum showing relative quantities of 
phosphorous species in calf skeletal muscle. The PCr 
peak is largest in this tissue.  
 



2.5 Magnetization Transfer  

Macromolecules with bound hydrogen protons with Larmor frequencies far from the center water peak 

can exhibit a signal lowering effect when imaging tissue.[67-70] An example of the relative spectral 

signature of this bound hydrogen pool compared to the free water peak is shown in Figure 3. These 

bound protons exhibit short T2 decay times due to dipole-dipole interactions and contribute little to the 

observed MR signal at readout.[67,68] Water molecules in direct contact with macromolecules exhibit 

shorter T1 and T2 relaxation rates due to altered molecular tumbling rates as well.[68,70,71] In addition to 

these effects, magnetization from the bound proton pool can transfer its magnetization to the 

magnetically saturated free water pool through the nuclear Overhauser effect (NOE).[72]  

 

The effect of NOE is shown in Figure 4, where after an on-resonance saturation pulse the bound protein 

pool will retain most of its longitudinal magnetization due to its broad spectral signature.[70-72] After a 

short time, a cross-relaxation will occur between the pools known as magnetization transfer (MT).[67-70] 

This leads to less magnetization available in the transverse plane at time of readout, reducing the overall 

signal from the tissue in the voxel).[67-70] The MT effect can be used to indirectly image macromolecules 

that otherwise cannot be seen through MRI. An example of this process is shown in Figure 5, where a 

broad off-resonance saturation pre-pulse is applied to the macromolecule pool. After MT occurs, there 



will be a resulting transverse magnetization reduction at readout. This signal reduction compared to an 

image with no pre-saturation shows the contribution of macromolecules in each voxel.[67-71] 

 

Figure 4: The nuclear Overhauser effect leading to magnetization transfer and its 
effect on magnetization.  



 

 

 

 

 

 

Figure 5: The effect of magnetization transfer imaging preparation pulses on 
magnetization. 
 



2.6 Chemical Exchange Saturation Transfer (CEST) 

A similar effect where magnetization is exchanged between a molecule and free water is chemical 

exchange saturation transfer (CEST). In contrast to MT, CEST occurs during chemical reactions, like the 

creatine kinase mediated rephosphorylation of creatine. Figure 6 shows the mitochondrial creatine 

kinase mediated chemical reaction of creatine and ATP that moves a hydrogen from the amine group of 

creatine to the free water hydrogen pool. 

 

 

Figure 7 demonstrates the magnetization exchange that occurs during CEST. The preparation pulse in 

CEST varies from MT imaging, as the off-resonance target is specific.[76-79] Figure 8 shows the signal 

reduction seen when a saturation prep-pulse is given at that frequency plotted along different offset 

frequencies expressed as parts per million (ppm) away from the center water frequency peak, which is 

known as a z-spectrum.[77,78]  In our CEST acquisition we sample this curve at six offset frequencies and 

the center water peak, as shown in Figure 8. From this the CEST signal is the asymmetry (CESTasym) 

between positive and negative offsets as expressed in B-11.[7,8]   The CESTasym should be largest at the 

offset frequency of the protons being chemically exchanged. 

𝐶𝐸𝑆𝑇01%2(𝜔) =
𝑆'3 − 𝑆3
𝑆'3

												𝐵 − 11 

[7,8] 

The specific methodology of our CEST sequence is discussed in chapters 3, 4, and 5 of this thesis. 

 

Figure 6: Phosphocreatine metabolism. The hydrogen proton underlined in 
red joins the amine group of creatine during dephosphorylation. 
 
 
 



 

 

 

 

 

 

 

 

 

 

Figure 7: The CEST effect during creatine rephosphorylation and its effect on 
magnetization 

Figure 8: An example of a z-spectrum of creatine rich tissue.  



2.7 Phosphocreatine Metabolism 

Adenosine triphosphate (ATP) is the main energy source of animal cells, with the energy released from 

its dephosphorylation allowing non-energetically favorable reactions to occur within the body.[33] In 

highly energetic tissue like the skeletal muscles of the limbs there is a need for a secondary 

phosphorylation system to allow for sustained muscle usage. Phosphocreatine (PCr) along with the 

enzyme creatine kinase can be used in the cytosol to rephosphorylate ATP and allow for its reuse 

without cellular respiration occurring.[31,33] The reaction occurs as shown in Figure 6, with the underlined 

hydrogen being the targeted exchange proton in creatine CEST.[7,31] The reverse reaction can only occur 

within the mitochondria in the presence of oxygen, as shown in Figure 6, or anaerobically in the cytosol 

through glycolysis generated ATP, the latter of which causes a buildup of lactate in the muscle.[33,42] 

Creatine concentration in the muscle will be highest after exercise when phosphocreatine stores are 

depleted. This concentration decays from peak exponentially under normal conditions within 

minutes.[33,42] Without adequate oxygen provided by the microvasculature to the tissue, this 

concentration will persist longer with only glycolysis available for rephosphorylation.[31,32,33,42] By the 

same mechanism, mitochondrial damage will also affect the rephosphorylation of creatine.[42] Creatine 

concentration post-exertion thus serves as a useful surrogate for perfusion or mitochondrial health.[42] 

Patients with PAD have demonstrated impaired phosphocreatine recovery post-exercise, which is 

hypothesized to occur due to a combination of acute ischemia and chronic mitochondrial 

disfunction.[10,11,47,48] 

2.8 Arterial Spin Labeling (ASL) 

MR contrast angiography is a valuable method for assessing blood flow in the lower limbs but is limited 

by its use of gadolinium-based contrast agents that are contraindicated in patients with poor kidney 

function and require onsite physician monitoring for their administration.[4,61] Arterial spin labeling (ASL) 

is a noninvasive MR method that uses magnetically tagged arterial blood boluses as endogenous 



contrast to visualize and quantify perfusion.[20,63,63] Upstream blood is magnetically inverted before 

passing into the imaging plane. After a delay to allow for blood travel and perfusion, the slice is imaged, 

and the tagged blood lowers signal in each voxel present compared to control images. Subtraction 

images can then be used to calculate quantitative measures of perfusion in terms of flow, usually 

referred to as cerebral blow flow (CBF) maps in ASL imaging, but in the case of the lower limb we can 

refer to it similarly as calf blow flow (CBF).[14,15,62,66] ASL tagging schemas fall into three categories, pulsed 

(PASL), continuous (CASL), and pseudo-continuous (pCASL).[20,66] The imaging performing in Chapter 4 of 

this thesis is a PASL method called  Quantitative imaging of perfusion using a single subtraction, second 

version with thin-slice TI1 periodic saturation (Q2TIPs) with proximal inversion with a control for off-

resonance effects (PICORE) tagging. Chapter 5 of this thesis discusses plans to employ a pCASL sequence 

to improve signal and combine protocols with a CEST sequence.  

2.4 Ergometry  

Exercise is necessary to observe creatine kinetics, as the metabolic response post ATP and PCr depletion 

is indicative of mitochondrial health and perfusion.[33,47,48] Pedal pushing plantarflexion ergometers have 

been shown to uniformly activate the muscles of the calf, which is a commonly symptomatic area in 

PAD.[33,47,48,49] Due to the speed of creatine concentration decay, it is necessary to image as quickly as 

possible after exercise cessation to properly sample the exponential curve.[12,13,47,48,49] It is not optimal to 

have subjects exercise external to the MRI bore, as positioning and localization can take several minutes. 

Thus, in-bore ergometry best suits the nature of MRI of creatine metabolism, but ergometer design is 

limited by the size of the bore and ferromagnetic safety concerns.[49] In our early experiments, 

ergometry was performed using a plexiglass prototype pedal ergometer, shown in Figure 9, where 

resistance was provided by a large athletic resistance band. While this low-cost method was useful due 

to its simplicity and lack of metallic components, it lacked stabilization on the MRI table and did not 



have adjustable resistance. Most critically, it interfered with the placement of a multichannel transmit-

receive extremity coil. 

 

 

 For the data presented in this thesis, ergometry was upgraded to a sophisticated MR-compatible 

pneumatic pedal ergometer with controllable resistance, the Trispect by Ergospect GmbH.[49] A diagram 

of this device is shown in Figure 10. In our experiments, a set exercise length was not successful, as the 

exercise tolerance between normal subjects and even between PAD varied greatly, as shown in the 

exercise times in Table 3. Exercise to exhaustion or claudication pain proved to provide a more even 

relative starting concentration of creatine on CEST images and 31P MRS among subjects, despite being a 

subjective time depending on subjects’ perception.  

 

Figure 9: First stage prototype 
ergometer 



  

 

 

ASL imaging in the limbs likewise benefits from pre-imaging exercise. Baseline perfusion within the limb 

provides little ASL signal, so traditionally cuff-occlusion has been used prior to imaging to create 

hyperemia upon release.[15,20] Intense exercise can also induce hyperemia sufficient for ASL imaging.[15] In 

our studies, plantarflexion ergometry to exhaustion or claudication was used to induce hyperemia, as 

cuff occlusion can be painful for PAD patients.[15]  

2.5 Peripheral Arterial Disease (PAD) 

Atherosclerotic lesions form in vessels of the cardiovascular system in response to stress or damage to 

vascular endothelium in order to maintain vessel integrity.[25] A major stressor is the increased sheer 

stress on the intima of the vessel in hypertension leading to damage and inflammation. When this 

inflammation occurs along with dyslipidemia, this can lead to large low-density lipoprotein laden 

plaques to form in the intima of the vessel.[1,26] Oxidative stress from poorly managed diabetes or 

smoking additionally damages vessel walls and leads to atherosclerosis.[1,25,26] Large plaques can 

intermittently block blood flow and tissue perfusion, leading to pain and paresthesia downstream of 

their location. Plaques that completely occlude a vessel can lead to tissue necrosis or death depending 

Figure 10: Schematic of the upgraded 
ergometer, the Trispect from Ergospect 



on the oxidative need of their downstream tissues.[25] PAD is the term for atherosclerotic disease in the 

arteries of the limbs. The large arterial vessels that feed the lower limbs, such as the abdominal aorta, 

iliac, and femoral arteries, are common sites for atherosclerotic plaque formation.[26] Chronic ischemia 

can cause pain at rest, numbness, and paralysis. Ultimately, this can lead to ulceration, infection, and 

tissue necrosis.[1,26] Within 5 years of a PAD diagnosis around 1-2% of patients will have an amputation 

and is the leading cause of amputation worldwide.[1] Among people diagnosed with PAD, around 60% 

are asymptomatic. Around 30% have pain on exertion that resolves, known as intermittent claudication 

(IC), and 1-3% have rest pain with or without ulceration, or critical limb ischemia (CLI).[1] CLI is 

considered an emergent condition and revascularization is indicated to save the limb.[21,22] While PAD 

itself does not directly cause mortality, the exertional pain and decrease of quality of life have 

devastating effects on patient health. Around 40% of patients die within 5 years of lower limb 

amputation.[27][28] PAD caries a heavy stigma and mental burden that often leads patients to ignore 

symptoms and is often comorbid with psychiatric illnesses and exacerbated by socioeconomic health 

factors.[29,30] 

Diagnosis of PAD relies primarily on the ankle-brachial index (ABI), which is the ratio of systolic pressure 

at the ankle, divided by the systolic pressure at the arm. [1,30,31] This is ideally found using a doppler 

device and blood pressure cuff. As the arm is closer to the heart than the ankle, the blood pressure 

there should be lower than in the limb in a healthy subject; however, ratios greater than 1.4 can indicate 

incompressible vessels due to calcification from prolonged oxidative damage.[1,25,31] A normal value is 

considered to be 0.9 to 1.4, while less than that is indicative of PAD.[1] The toe-brachial index (TBI) can 

be used to assess patients with non-compressible ankle vessels, with a ratio of 0.7 or less considered 

indicative of PAD; however, this metric has not been as widely verified as the ABI.[32]  While the ABI 

remains a valuable diagnostic tool, it is not useful in assessing severity of disease, as ABI scores do not 

correlate with hemodynamic assessments and functional metrics.[31] 



Treatment of non-emergent PAD centers around improving cardiovascular and metabolic health. Statins 

are a first line treatment of ongoing hyperlipidemia but do little to address existing blockages and 

vascular damage.[35] Inhibitors of protein convertase subtilisin kexin type 9 (PCSK9) are highly effective at 

stopping disease progression and preventing adverse cardiac events but are costly and rarely covered by 

insurance.[35,37,39] Likewise, glucose control, smoking cessation, and antihypertensives are recommended 

to avoid disease progression.[1,35] Antiplatelet therapies like clopidogrel or low dose aspirin are 

recommended to inhibit thrombus formation.[35,39] Cilostazol is a phosphodiesterase III inhibitor 

recommended for reducing claudication pain and improving walk scores, but has cardiovascular side 

effects that limit its clinical utility.[35,39] Supervised exercise remains the treatment option with the 

highest level of evidence for stopping disease progression and improving quality of life, but requires 

painful exercise and patient compliance.[36,41] 

Revascularization 

Patients with severe CLI can progress to having chronic limb threatening ischemia (CLTI), where a 

substantial amount of blood flow is obstructed, causing pain at rest and risk of gangrene.[21] 

Revascularization procedures are performed on patients with CLTI to restore blood flow to tissue 

downstream of occluded arteries. Surgical revascularization methods employ venous bypass grafting to 

create an alternative flow path around occlusions in the major arteries of the leg.[21] Endovascular 

revascularization uses transluminal devices such as balloons or stents to perform angioplasty. The 

inflated balloon or placed stent widens the lumen of the vessel, and can also elute anti-proliferative 

drugs.[21,22] Both methods have similar patient outcomes, with more than 40% experiencing major 

adverse limb events or death within five years of the procedure.[21,22] The goal of these procedures in 

CLTI is primarily limb salvage, while their use in IC is more focused on reducing symptoms and improving 

quality of life.[38,39] There is little evidence to support the use of revascularization for IC patients, with 

some studies suggesting it may exacerbate symptoms or worsen outcomes.[31,40,41] The ABI increase seen 



after revascularization is indicative of the success of the procedure in restoring blood flow, but does not 

correlate with functional improvements or long term limb outcomes.[31,38,40,41]  

Hypoxia and Nitrate 

Vasodilation has an ameliorative effect on PAD by expanding narrowed vessel diameters and reducing 

hypertension.[39,43] Nitric oxide (NO) induces smooth muscle relaxation in the vasculature through 

increasing cyclic guanosine monophosphate (cGMP), a signaling molecule.[45]  Inorganic nitrate 

consumption has been shown to increase plasma NO levels and provide symptomatic relief in PAD 

patients with claudication pain.[23,24,43] In addition to its vasodilatory effect, NO is hypothesized to 

increase mitochondrial efficiency by reducing the expression of adenine nucleotide translocase (ANT), 

which speeds the process of exchanging ADP and ATP across the inner mitochondrial membrane.[76] NO 

is protective against mitochondrial damage in hypoxia by reducing free radical formation from the 

electron transport chain in the absence of oxygen.[73] NO also increases the expression and binding 

activity of hypoxia inducible factor 1-𝛼 (HIF1𝛼).[74,75] HIF1𝛼 is expressed in response to hypoxic 

conditions and helps facilitate adaptations, like collateral vessel formation and muscle fiber type 

changes to accommodate more glycolytic metabolism.[74,75] These combined mechanisms present 

inorganic nitrate supplementation as an attractive treatment for PAD. 

Chapter 3: CrCEST method can distinguish creatine kinetics in PAD patients compared to age matched 

controls 

3.1 Rationale 

We hypothesize that ischemia in PAD leads to altered creatine concentration decay post-exercise in 

patients compared to age-matched controls. The effects of PAD on creatine metabolism are not fully 

understood, but prior studies with 31P MRS show an observable and repeatable difference in metabolism 

for PAD patients.[6] We also aimed to test the ability of CrCEST to do so on a muscle group basis. Subjects 

performed plantarflexion ergometry to exhaustion or claudication using a calf ergometer that is capable 



of uniformly activating the calf muscles. The comparison of the two methods shows the utility of CrCEST 

in the study of PAD energetics. 

3.2 Methods 

 Patients between the ages of 35 to 85 years with symptoms of intermittent claudication or critical limb 

ischemia and a documented ankle brachial index (ABI) of <0.9 were eligible for this study.  Exclusion 

criteria included lower extremity vascular surgery or percutaneous intervention <3 months prior to 

enrollment, gangrene, or a non-healing wound in the foot of the leg of interest, need for urgent 

revascularization, active coronary artery disease or recent (<2 months) myocardial infarction, body mass 

index of >40, or a known contraindication to MRI.  Normal human subjects without risk factors for 

atherosclerosis were recruited from the community to serve as age-matched control subjects. Subjects 

with risk factors were eligible only with normal ABIs. The protocol was approved by the Human 

Investigation Committee at the University of Virginia, and all participants signed informed consent. CMK 

had access to all data and takes responsibility for its integrity and the data analysis. 

CrCEST images were obtained on a 3T MRI scanner (Prisma, Siemens Medical Solutions, Erlangen, 

Germany) using a 15-channel transmit-receive extremity coil centered at mid-calf.  Creatine level 

measurements were acquired using a pulse sequence developed at University of Pennsylvania.[8, 9] 

Water saturation shift referencing (WASSR) and B1 maps were collected for B0 and B1 correction, 

respectively.[44]  Six images were acquired over 24 s intervals with saturation frequency offsets of ±1.3, 

±1.8, and ±2.3 ppm. The CEST effect reduces the signal at +1.8 ppm compared to the reference at -1.8 

ppm, with this asymmetry quantified as CESTasym. A 500ms saturation pulse train was applied consisting 

of five 99.6ms Hanning-windowed pulses with 150 Hz peak B1 amplitude and 0.4ms inter-pulse delay.  

Imaging parameters were single-shot spoiled gradient-echo readouts with centric encoding, fat 

saturation, flip angle 10°, field of view (FOV) 160x160 mm, matrix 144x144, in-plane resolution 1.1 mm, 

repetition time (TR) 6.0ms, echo time (TE) 2.9ms, and slice thickness 10 mm. 



Subjects were placed supine, feet first, into the scanner, with the foot of the leg of interest placed in an 

MR-compatible plantar flexion ergometer (Trispect, Ergospect GmbH, Innsbruck, Austria).   A reference 

image and B1, B0, and WASSR maps were collected.[44]  This was followed by 4 baseline CrCEST images 

obtained prior to exercise.[9] Then subjects were asked to begin plantarflexion in time with a metronome 

set at 60 bpm until claudication symptoms or calf exhaustion. This was chosen to ensure all subjects 

reached a state of muscle ischemia. The ergometer resistance was adjusted for the subjects’ ability to 

pedal uniformly against the resistance level.  Immediately post exercise, 25 images were obtained.  This 

was followed by repeat B0, B1, and WASSR maps.[44]  Five subjects in each group returned for studies of 

test-retest reliability.   

Studies were analyzed blinded to subject group. Creatine concentration decay times were generated 

from ROIs including the entirety of the tibialis anterior, posterior compartment, gastrocnemius, and the 

whole calf (excluding bones) for each subject in MATLAB (MathWorks, Natick, Massachusetts). The 

soleus muscle was not included in analysis, as it is not activated as uniformly as the other muscles during 

plantarflexion, and it contains several large vessels that are difficult to exclude during analysis.  Decay 

times were generated from the individual ROIs and recorded for each subject (Figures 11 and 12). 

For 31P MRS studies, subjects were positioned in the scanner with the same foot on the ergometer pedal 

with a multinuclear surface coil against their gastrocnemius muscle, and 5 pre-exercise spectra were 

acquired. After subjects performed plantar flexor ergometry to claudication or calf exhaustion, 25 signal 

averages were acquired after 4 preparation pulses at a repetition time of 550 ms for a total acquisition 

time of 16 s per spectrum, and 18 spectra were acquired at the cessation of exercise.[6]  

 

 

 

 



 

 

 

 

 

 

Figure 11: Calf muscle maps, chemical exchange saturation transfer asymmetry 
maps, and regions of interest with decay curves. AT indicates anterior tibialis m.; 
CrCEST, chemical exchange saturation transfer of creatine; F, fibula; Gastro, 
gastrocnemius m; PT, posterior tibialis m.; ROI, region of interest; Soleus, Soleus m.; 
V, arterial and venous vessels; and T, Tibia. 



 

 

 

 

 

 

Statistical Analysis 

Subject characteristics were summarized as mean and standard deviation for continuous variables and 

by frequencies for other variables. Characteristics were compared between control subjects and 

patients using the Student t-test or Wilcoxon rank-sum test for continuous variables and the Pearson χ2 

test or Fisher exact test for categorical variables. Exercise times and CESTasym decay were summarized as 

median and interquartile range (IQR). Pearson correlation coefficients were calculated for CESTasym decay 

Figure 12: Example chemical exchange saturation transfer (CEST) images and corresponding CEST asymmetry (CESTasym) 
decay curves from a normal control (top) and a patient with peripheral artery disease (PAD). 
The first 4 images are pre-exercise, and the subsequent images begin immediately post-exercise. Note the red color 
depicting increased CESTasym signal immediately post-exercise that resolves quickly in the normal subject and takes 
significantly longer to normalize in the PAD subject. This is reflected in the much longer CESTasym decay constant in the 
patient with PAD (bottom right). CrCEST indicates chemical exchange saturation transfer of creatine; and ROI, region of 
interest.  



times after log transformation compared with demographic variables. Pearson correlation was 

performed comparing CEST decay constant and phosphocreatine recovery time constant. For all 

comparisons, P<0.05 was considered significant. Agreement between phosphocreatine recovery by 

31PMRS and CESTasym decay was analyzed using the method of Bland and Altman. Test-retest reliability 

for CESTasym decay was also analyzed in 5 subjects who underwent testing twice at different time points 

using Bland-Altman. Analysis was performed using SAS, version 9.4 (SAS Institute, Cary, NC). 

 

 

 

 

 

 

 

Table 1: Demographics of the Study Population 



3.3 Results 

A total of 64 subjects were studied; 35 subjects with PAD and 29 controls. The mean age was similar 

between groups (Table 1), but there were fewer women in the PAD group. The mean ABI for the PAD 

group was 0.65±0.11. Demographics are shown in Table 1. A majority of patients with PAD had at least 

one of the following conditions: hypertension, hyperlipidemia, or a smoking history. Approximately one-

third of patients with PAD had coronary artery disease. Very few of the normal subjects had risk factors 

for atherosclerosis. Plantar flexion exercise times tended to be longer in the normal subjects as would 

be expected, but this difference did not reach statistical significance due to the wide variation in 

exercise times in both groups (Table 2). The CESTasym decay times for the overall calf as well as the 

individual gastrocnemius and posterior tibialis in the PAD group were increased compared with the age- 

matched control group (Table 2). CESTasym decay times were similar between groups in the anterior 

tibialis. The CESTasym levels at end-exercise was 178±58% of base- line in PAD subjects and 180±33% of 

baseline in control subjects, P=0.86. A history of hypertension was associated with prolonged whole calf 

CESTasym decay times in the entire group of 64 subjects (r=0.32, P<0.01) as was history of smoking 

(r=0.26, P<0.04). There was no association between ABI and CESTasym decay times. Age tended to be 

associated with the CESTasym decay times in the anterior tibialis (r=0.24, P<0.06), but not in other 

muscle groups. A history of CAD was associated with CESTasym decay times in the anterior tibialis 

(r=0.30, P<0.02) and posterior tibialis (r=0.32, P<0.01).  Test-retest reliability was performed on 5 normal 

subjects and 5 patients with PAD. Measurements were obtained at a mean time of 1±1 days after the 

initial scan. Exercise times for the 10 subjects were similar between the 2 time points (168±137 s at time 

1 and 246±287 s at time 2, P=0.45). Results for agreement are displayed using Bland-Altman analysis 

(Figure 13) showing very good agreement with 1 data point lying outside the 2 standard deviations. 

Thirteen patients with PAD and 11 normal patients were imaged by CEST and underwent 31P MRS, 



where observed pH at end-exercise was not different between groups (7.02±0.05 in PAD and 7.07±0.08 

in controls, P=NS). Table 3 demonstrates the data from these studies. Figure 14 displays the Bland-

Altman analysis between the 2 groups showing good agreement. Figure 15 shows a Pearson correlation 

plot showing 3 patients with high phosphocreatine recovery time constant yet relatively preserved CEST 

decay and resultant lack of correlation.  

 

Figure 13: Bland-Altman plot comparing test-retest values in a total of 10 subjects 
(5 with peripheral artery disease and 5 controls). There is one data point that does 
not lie within 2 SDs of the difference between the 2 studies.  



 

 

 

 

 

 Figure 15: Pearson correlation plot of chemical exchange saturation transfer (CEST) decay constant versus 
phosphocreatine recovery time constant. P=0.66, r=0.09.  

 

Figure 14: Bland-Altman plot comparing PCr recovery time constant by 31P MRS and CESTasym decay constant for 13 
patients with peripheral artery disease and 11 normal controls. Agreement is excellent. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2: CESTasym Results  

Table 3. Data From PAD and Controls Undergoing Both CEST and 
31

P MRS Post Exercise  



 

3.4 Discussion 

This study examined differences in creatine kinetics between normal subjects and patients with PAD 

using CrCEST-based MRI. We found that patients with PAD demonstrated a significant increase in 

creatine decay times in the entire calf compared to their normal age-matched controls. In addition, the 

difference in creatine decay was also able to be isolated to the specific muscle groups of the calf 

including the gastrocnemius and posterior tibialis muscles. When compared with normal subjects, there 

was an almost two-fold increase in the creatine decay time in PAD patients. This is the inverse of the 

increase in phosphocreatine recovery times seen in the patients who underwent 31P-MRS in our 

previous studies. However, the ability to isolate specific muscle groups is an advantage of CrCEST 

compared to 31P-MRS and raises the potential for utilizing this technique to evaluate therapies that 

might improve perfusion in specific muscle groups. These results indicate that CrCEST can be used to 

differentiate creatine kinetics in PAD and normal patients with excellent spatial resolution. Test-retest 

reliability of the CrCEST decay measures was very good.  

Measuring tissue energetics in exercising skeletal muscle in PAD has been performed with 31P MRS for 

over 25 years.[10] Chronic limitations in blood flow can lead to maladaptive changes within mitochondria 

that lead to delayed phosphocreatine recovery, although there is not a direct correlation between 

perfusion and energetics in the later stages of PAD.[6,11]  The present study significantly extends prior 

studies using the relatively new CrCEST technique which were primarily aimed at proof of concept. For 

example, prior studies were performed with few subjects (n =3 PAD patients and 3 controls) and one 

study showing reasonable agreement between CrCEST and 31P-MRS was performed in only 6 volunteers, 

not in PAD.[7,8] Feasibility and reproducibility of these measurements has been shown, again with small 

numbers of volunteers, at higher field strength (7T).[12] The present study sets the stage for clinical 

applications of the technique. 



A major challenge for the development of new therapies in PAD is the lack of quantitative measures for 

measuring tissue physiology such as energetics and perfusion. Large vessel inflow as measured by ABI 

and angiography does not reflect the tissue effects of therapies. CrCEST offers such promise as an 

attractive target for assessing benefits of revascularization, other novel therapies, and clinical outcomes 

in PAD. 31P MRS has been available since the 1980’s for evaluation of PAD but has not been utilized 

clinically due in part to lack of availability due to lack of multi-spectral capabilities at many centers. 

Strengths of 31P MRS include the extensive literature supporting its application in PAD, its 

reproducibility, and robustness. CrCEST is an imaging technique that does not require multispectral 

hardware and thus could theoretically be applied on any high field clinical scanner with the appropriate 

pulse sequence and thus has far broader clinical potential than 31P-MRS. In addition, the ability to 

localize abnormal energetics to individual muscle groups could allow the development of vessel and 

thus muscle-specific revascularization therapies.  

Differences between PAD subjects and controls were seen in each muscle group except for the anterior 

tibialis. The anterior tibialis muscle contains more fast twitch muscle fibers than the rest of the calf, 

allowing it to function better in hypoxic conditions.[13]  This may account for the similar results between 

groups. In addition, plantar flexion exercise appears to trigger preferential use and higher perfusion of 

the anterior tibialis14 and this may also account for less of a difference between PAD and normal 

subjects. Hypertension and a history of smoking were associated with prolonged CrCEST decay times. 

Future studies may determine the mechanisms underlying these risk factors effects on calf muscle 

energetics and whether reduced perfusion plays a role.  

Our group has developed novel non-contrast methods of measuring tissue perfusion in PAD subjects 

using arterial spin labeling (ASL) MRI after exercise or with thigh cuff occlusion/hyperemia. [14,15]  

Similarly to CrCEST, perfusion can be measured by ASL on a per muscle group basis. Combining these 

non-contrast measures of perfusion and energetics could offer significant potential for understanding 



the physiologic effects of revascularization and novel medical therapies on specific muscle groups in the 

calf. Perfusion as measured with single photon emission tomographic techniques has been shown to be 

an important marker of prognosis, predicting amputation-free survival in PAD.[16] Future studies will help 

determine whether perfusion, energetics, or the combination are the best predictors of PAD outcome. 

3.5 Limitations 

Gender differences could in theory account for the differences in creatine decay between 

normal and PAD patients as there was a significantly higher number of women in the normal group. In 

addition, the present study did not include patients with non-compressible vessels with ABIs >1.3 that 

may have symptoms of PAD. CrCEST decay times are significantly longer than PCr recovery time 

constant. Based on chemical principles, the rate of creatine decay should parallel phosphocreatine 

recovery. However, 31P MRS is not spatially localized and thus is likely preferentially measuring 

gastrocnemius energetics due to the location of the 31P surface coil. As shown in Table 2, gastrocnemius 

decay times appear to be somewhat longer than other muscle groups and this may account for some of 

the difference. Additionally, at 3T the resulting CESTasym signal likely receives interference from tissue 

acidification, particularly lactic acid buildup from anaerobic muscle metabolism due to ischemia.17 Other 

potential reasons for the longer CrCEST decay include signal to noise issues, patient motion, 

nonlinearity, or relative insensitivity to creatine levels from a technical standpoint. A major advantage 

31P has over this fast time-course CrCEST is that relative quantities of phosphorous metabolites (ATP, 

PCr, Pi and pH) can be imaged at once. Doing so using 1H CEST would require finely sampling the z-

spectra through multiple excitations, making the resulting time-course too long to assess kinetics.  

In addition, CrCEST and 31P-MRS are dependent on mitochondrial function, which has shown to be 

altered in patients with heart failure.[18] As many patients with PAD have some degree of CAD and may 

have resultant reduced left ventricular function, there is a risk for confounding due to this. However, the 



PAD cohort in this study had a mean ejection fraction of 60% ± 4% with only one patient having a clinical 

diagnosis of heart failure, so it is unlikely that heart failure is contributing significantly.  

Lastly, with regards to the technique itself, one of the difficulties is high sensitivity to patient motion 

during scanning. The patients were instructed to lie as still as possible in the scanner during imaging. 

Another potential difficulty is with fitting the creatine decay curves as they may be altered due to 

combination of abnormal creatine kinetics, motion artifact, and interference from vessel and bony 

structures when drawing regions of interest. Given its size relative to other muscles in the calf, the 

gastrocnemius muscle is the easiest to identify on the CEST maps, and therefore, the most consistent to 

draw the ROI. This may explain, in part, why it demonstrated the greatest difference in creatine decay 

between the PAD patients and normal subjects. Next steps will include correlation of energetics as 

measured with CrCEST with muscle-specific perfusion as measured by ASL in PAD patients. Longer term 

studies that follow PAD progression will be useful in showing CrCEST energetics’ ability to predict patient 

outcomes.   

Chapter 4: MRI methods to study the relationship of changes in perfusion and energetics with 

revascularization in PAD 

4.1 Rationale: Surgical and endovascular revascularization procedures are considered first-line 

treatments for moderate to severe PAD in order to restore blood perfusion to the affected limb. We 

studied the metabolic changes in PAD patients before and after revascularization procedures and 

tracked patients who do not receive procedures or take inorganic supplements to manage their disease.  

Patients with Intermittent claudication (IC) have PAD symptoms that resolve during rest, while critical 

limb ischemia (CLI) is a subset of severe PAD that presents with pain at rest, ulceration, or gangrene. 

This progression occurs in about 25 percent of PAD patients within 5 years of diagnosis and is typically 

associated with an ABI of <0.4 but can occur at higher ABIs as well.[1] Patients with either type of PAD 

may be candidates for a revascularization procedure, but CLI is considered an emergent condition where 



revascularization is necessary to preserve the limb. Arterial spin labeling (ASL) uses tagged inverted 

arterial blood as endogenous contrast to visualize and quantify perfusion into tissue. Combining ASL and 

CrCEST in the same protocol allows for spatial visualization of metabolism and perfusion. The goal of this 

study was to use this combination to assess changes after revascularization in patients undergoing both 

endovascular and surgical procedures and evaluate the recovery of both perfusion and metabolism in 

their muscle tissue. Additionally, we assessed patients that were not planning on having 

revascularization. This arm included a sub-study where subjects received beetroot juice 

supplementation to study the effect of dietary inorganic nitrate on PAD. We recruited 19 patients, 11 of 

which had revascularization procedures. 

4.2 Methods:  All subjects underwent an MRI on a 3T PRISMA Siemens scanner using a transmit-receive 

knee coil.  All subjects underwent baseline imaging in which water saturation with shift reference 

(WASSR) and B1 maps were collected for B0 and B1 correction.[7,44] Six images were then acquired over 

24 second intervals with saturation frequency offsets of ±1.3, ±1.8, and ±2.3 ppm.  The CEST effect 

reduces the signal at +1.8 ppm compared to -1.8 ppm, referred to as CrCESTasym. Subjects performed 

plantarflexion ergometry on an MR-compatible ergometer (Ergospect, NL) until calf exhaustion at which 

point post-exercise images were obtained.  CrCESTasym maps were obtained with a region of interest 

(ROI) drawn around the anterior tibialis, posterior tibialis, and gastrocnemius muscles.  Creatine decay 

times were obtained by fitting an exponential curve to the CrCESTasym values. For the ASL imaging, 

control-tagged image pairs were acquired repetitively using a PASL pulse sequence .The tag was applied 

35 mm proximal to the first imaging slice for 1200 ms, followed by a 1500 ms post-label delay.[14] The 

delay is needed to ensure that the entire bolus reaches the distal slice before imaging, thus avoiding 

potential underestimation of blood flow.[19, 20] Motion correction was performed between temporal 

frames and relative blood flow maps using a simplified single compartment ASL model.[14,15] ROI were 

drawn around the muscle group demonstrating the highest perfusion and compared to the 



corresponding muscle group. Ten subjects (62.1 ± 9.9 years) with known PAD  (defined as symptoms of 

claudication with confirmed ankle-brachial index<0.9) scheduled for revascularization were enrolled. 

Eleven subjects not undergoing procedures were also enrolled, six with no intervention, and five under a 

double-blinded study of inorganic nitrate supplementation in PAD. The structure of the recruitment 

arms is shown in Figure 16. Due to low recruitment numbers, the recruitment arms were collapsed for 

analysis as shown in Figure 17. 

 

Figure 16: Total patient recruitment arm structure 
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Figure 17: Collapsed recruitment arm structure 

 

 All recruitment arms had at least one scanning session with CrCEST and ASL data collected, and 

a 6-minute walk score performed. Patients in the procedures arm were imaged before revascularization, 

and at both 6 weeks and 6 months after their procedure. 6-minute walk scores and new ABI readings 

were also taken at each time point to compare the effects on bulk perfusion and functionality. Patients 

in the no procedure, no intervention arm were scanned once, but their limb and health outcomes were 

tracked for changes. The beetroot juice supplementation testing was a double-blind, randomized, 

crossover design.24 Five male patients (72.2 ± 5.2 years) with symptomatic PAD underwent resting blood 

draw and a symptom limited cardiopulmonary treadmill exercise test. Health characteristics on these 

subjects is shown in Table 6. On a separate day, plantar flexion exercise was performed until 

claudication symptoms using the same MR-compatible ergometer. CEST and ASL imaging was performed 

using the same protocol as the procedure subjects immediately at the cessation of exercise. All subjects 

consumed ~5 days of 13 mmol NO3
- supplementation or identical NO3

--depleted placebo before each 

treadmill and MRI test. This was repeated two weeks following with either the placebo or nitrate-rich 

beetroot juice depending on their initial assignment. Six patients either denying or ineligible for 

Aim 2
n=21

Procedures
n=10

No Procedure

No intervention, 
follow for outcomes

n=6

Beet Juice (nitrate) 
supplementation 

study n=5



revascularization had one visit with the same imaging protocol and had their electronic medical records 

tracked for cardiovascular and limb outcomes. 

4.3 Statistical Analysis: 

Intrasubject changes in ABI, CrCEST decay, ASL flow, and 6-minute walk score at 6 weeks and 6 months 

were compared to baseline using a paired one tailed t-test with 95% confidence intervals. CrCEST data 

from each muscle group was correlated to flow measurements from corresponding muscle groups using 

Pearson’s correlation coefficient at each time point. ASL and CrCEST was also compared to the 6-minute 

walk score using Pearson’s correlation coefficient. 

4.4 Results: 

Ten PAD patients were imaged before and after revascularization. Due to COVID-19 pandemic 

precautions, follow-up imaging was problematic for some patients. Data from a patient who returned at 

all time points is shown in Figure 18. This patient underwent a posterior approach to left popliteal-

popliteal bypass using reversed great saphenous vein, after which the ABI was improved from 0.71 to 

1.12. The ASL perfusion shows an increase in flow to the gastrocnemius, with a restriction of flow to the 

rest of the muscle groups at 6-weeks, that becomes a uniform increase throughout the calf at 6-months. 

The tau time-constant of the CrCEST decay initially elongates at 6-weeks post revascularization, where 

the six-minute walk score also worsens. At 6-months the decay shortens, and the walk score improves.  

Table 4 shows ABI, CEST, ASL, and 6-minute walk score changes post-revascularization. The changes in 

ABI, 6-minute walk score, and ASL (except the anterior tibialis at 6 weeks) were found to be statistically 

significant, while none of the CEST groups were. Table 5 shows the Pearson’s correlation coefficient 

between ABI, CEST, ASL, and 6-min walk score for the revascularization group. None of these data were 

significantly correlated besides ABI and 6-min walk score before procedure and higher AT ASL signal was 

negatively correlated with six-minute walk score at 6 weeks. 



In the beet root supplementation group, following beetroot juice supplementation, plasma nitrite (NO2
-) 

concentration increased significantly compared to placebo (410.5 ± 237.5 v 156.3 ± 45.4 nM; p < 0.01). 

There was a trend towards longer pain-free walking with subjects walking 30% longer following beetroot 

juice supplementation (312.8 ± 207.3 vs 238.5 ± 197.8 sec; Cohen’s d = 0.37) with no change in peak 

walking time (585.8 ± 56 vs 589.5 ± 103.6 sec; p=0.94). Nitrate also tended to demonstrate higher tissue 

perfusion at peak plantar flexion exercise (32% increase; 22.9 ± 17.4 vs 17.4 ± 10.5 mL/min/100g; d = 

0.40), as shown in Table 7. There was also a decrease in CESTasym decay times as shown in Figure 18  

(196.0 ± 99.4 vs 247.6 ± 145.1, d = 0.44). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18:  
CrCEST and ASL results from a 39-year-old patient with 
intermittent claudication due to iliac artery 
compression pre-revascularization (top), 6-weeks post-
revascularization (bottom left), and 6-months post-
revascularization (bottom right). The tau time-constant 
of the CrCEST decay initially elongates at 6 weeks post 
revascularization, when the 6-minute walk score also 
worsens. At 6 months the decay shortens and the walk 
score improves. 
  



 

 

 
   

 
  

 
    

 
          p value*  p value* 

 

  
Pre-procedure 6-8 weeks Post 6 months Post pre vs 6-8 weeks  pre vs 6 months 

 
  Mean ABI 0.57 (0.22) 0.91 (0.29) 0.91 (0.36) 0.0033 0.0026   

Mean CEST 

decay  Gastrocnemius 397.5 (335.6) 423.7 (192.8) 169.7 (57.5) 0.2829 0.1368   

(s) Anterior Tibialis 198.0 (127.7) 238.7 (154.7) 199.2 (94.2) 0.3808 0.483   

  Posterior Tibialis 463.3 (864.8) 268.6 (864.8) 233.8 (168.9) 0.2277 0.2207   

  Overall Calf 295.5 (180.5) 345.1 (191.2) 182.0 (81.3)  0.2731 0.1863   

Mean ASL flow Gastrocnemius 7.4 (8.6) 23.9 (7.9) 23.5 (8.6) 0.0003 0.0045   

(mL/min/100g) Anterior Tibialis 15.8 (10.4) 14.3 (10.3) 28.7 (7.1) 0.4021 0.0025   

  Posterior Tibialis 10.3 (9.3) 33.3 (12.4) 27.0 (13.9) 0.0016 0.0054   

  6-min walk score 311.4 (117.1) 414.0 (97.5) 433.9 (126.5) 0.013 0.0045   

  (m)             

*p value from 1-tailed paired t -test with 95% 

confidence intervals, significant values bolded           

                

                

 
              

 

  

 
 

  
  

      

Table 4: ABI, CEST, ASL, and 
6-min walk score changes 
post-revascularization 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
 
     

  

Table 5: ABI, CEST, ASL, and 6-minute walk score correlation 
results post-revascularization 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 7: ASL flow results for the beetroot juice supplementation group  

Table 6: Beet juice subject 
characteristics  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Six subjects were scanned under the non-intervention arm. Their average age was 66±5.4 years and 

their average lowest ABI was 0.67±13. Their health outcomes were tracked via their electronic medical 

records for death, cardiovascular, and limb events. The results at an average of 3 years post-enrollment 

are shown in Figure 19. Four subjects had no relevant health events, and two have since died. One death 

was from an unrelated cancer, and one was during recovery from an emergent tibioperoneal balloon 

angioplasty due to CLTI. 

Table 8: CESTasym decay results for the 
beetroot juice supplementation group  



 

 

 

 

4.5 Discussion: 

This combination of ASL and CrCEST provides a novel methodology to compare metabolism and 

perfusion on a muscle-group specific basis. The purpose of this study is not to necessarily compare the 

efficacy of endovascular versus surgical revascularization, as the patient population referred to each 

group may differ in terms of severity of symptoms. This serves as a study of the utility of CrCEST and ASL 

in correlating imaging to functional outcomes. Data suggest that revascularization significantly increases 

perfusion at 6-8 weeks and 6 months but does not significantly improve metabolic function as seen on 

CrCEST imaging, but low power due to small study size may hinder these findings. Beetroot juice 

supplementation provides modest improvements in ASL perfusion, walking speed, and CrCEST metabolic 

function. Further investigation using these imaging techniques would be useful in determining nitrate 

supplementations efficacy compared to revascularization procedures. The non-intervention group was 

small, but with 17% of subjects dying from a cardiovascular or revascularization complication agrees 

No Scheduled 
Intervention (n=6)

No Event (n=4) Death (n=2)

Unrelated Cancer 
(n=1)

Post-
Revascularization 

Complications (n=1)

Figure 19: Non-intervention subject health outcomes at 
an average of 3 years post-enrollment 



with the national trend of morbidity and mortality in PAD.[26-29] The combination of ASL and CrCEST 

imaging is a powerful tool in assessing PAD treatment worthy of further investigation and use. 

4.6 Limitations 

The significance of this study is hindered by its low power. Patient recruitment was greatly affected by 

COVID-19, as scheduled procedures were canceled, and human research was paused during most of 

2020 at the University of Virginia. Restructuring of the interventional radiology department post-COVID 

lead to fewer endovascular revascularizations being scheduled than expected. We also had difficulty 

scheduling patients undergoing surgical bypass as many were admitted inpatient and could not travel to 

our research scanner. Multiple visit studies are difficult to arrange with patients, and several stopped 

returning after revascularization. The ergometer device was also nonoperational for several months of 

the study, causing missed timepoints.  

4.7 Future Directions 

Further patient recruitment is required to prove significance. Recruitment of inpatient subjects may aid 

in visit compliance and broaden the recruitment pool. Protocol improvements like combining the CEST 

and ASL into a single post-exercise period would significantly reduce scanner time and improve subject 

experience. 

Chapter 5: Future plans- Creating a combined CrCEST and ASL imaging protocol  

The imaging protocol developed in chapter 2 involves two exercise periods to establish sufficient 

perfusion and metabolic endogenous contrast within the tissue. This extends total scanner time to 

around 1 hour with exercise and recovery time, with actual imaging time being around 25 min.  Some 

patients are not able to exercise as long during the second protocol due to their claudication pain. In 

addition, ischemic preconditioning may alter the response to exercise.  Removing the need for two 

exercise periods would greatly increase the clinical feasibility of this protocol. We plan to develop a 



single imaging protocol that can measure both CEST and ASL signal within the period of post-exercise 

hyperemia and increased metabolic energetics seen after plantarflexion. This can be achieved by 

interleaving ASL imaging in the deadtime of our CEST sequence, as shown in Figure 22. The majority of 

the CEST imaging sequence is T1 recovery after off-resonant saturation during the CEST prep-pulse. This 

should allow for ASL tagging and readout in an adjacent slice during that time.[18] The CEST prep-pulse is 

not slice selective; however, doing the ASL imaging during a ±2.3 ppm saturation recovery would limit 

the amount of on-resonance signal reduction during the ASL readout. The ASL sequence used in Chapter 

4 was a PASL sequence with PICORE tagging shown in Figures 19, 20 and 24.  

 

 

Figure 19: Q2TIPS pulse sequence diagram, where the sech IR is the inversion 
tagging pulse, and the applied gray gradient alternates negativity between control 
and tag slices  
 
Adapted from  
Luh W-M, Wong EC, Bandettini PA, Hyde JS. QUIPSS II with thin-slice TI1 periodic 
saturation: a method for improving accuracy of quantitative perfusion imaging 
using pulsed arterial spin labeling. Magn Reson Med 1999; 41:1246-1254  
 
 



  

 

 

 

 

 

 

In-plane 
presaturation 
slab 

Inversion slab 
(tagged region) 

Periodic saturation 
slice 

Imaging slices 

Figure 20: An example of locations of the in-plane 
presaturation slab, imaging slices, periodic saturation 
slice, and inversion slab from the PICORE tagging 
scheme in the leg. 
Tatco V, Normal MRI of the leg. Case study, 
Radiopaedia.org https://doi.org/10.53347/rID-43617 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tagged region 

Imaging slices 

Figure 21: pCASL tagging scheme.    
 
Adapted from  
Knutsson, L, Xu, J, Ahlgren, A, Zijl, 
PCM. CEST, ASL, and magnetization 
transfer contrast: How similar pulse 
sequences detect different 
phenomena. Magn. Reson. Med. 
2018; 80: 1320– 1340. 
https://doi.org/10.1002/mrm.27341 
 
Tatco V, Normal MRI of the leg. Case 
study, Radiopaedia.org 
https://doi.org/10.53347/rID-43617 
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A pCASL tagging sequence, like shown in Figures 21 and 23, may provide improved SNR and tagging 

efficiency, but may have too long of an acquisition time to fit within the CEST T1 recovery time. [20,64,65] 

Figure 26 shows a simplified overall timing sequence of the combined acquisition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

500 ms CEST 
prep-pulse 

SS-GRE 
readout  

… 
T1 recovery 

500 ms CEST 
prep pulse 

TE=2.9ms TR=4s 

Figure 22: Simplified timing diagram of our CEST pulse sequence 

TR=6 ms 

Labeling 
pulse train 

Post Labeling Delay 

Readout 

TR=4s 

Figure 23: Simplified timing diagram of the pCASL sequence 

PLD=1800 
ms 

Labeling 
time=1800 ms 

Post Labeling Delay 
Readout 

TR=3s 

Figure 24: Simplified timing diagram of the PASL sequence 

PLD=1500 
ms 

Labeling 
time=1200 ms 

Labeling pulse 

500 ms CEST 
prep-pulse 

SS-GRE 
CEST 

readout  

500 ms CEST 
prep pulse 

TE=2.9ms TR=4s 

Figure 26: Simplified timing diagram of our CEST and ASL pulse sequence 

TR=6 ms 

ASL 
Labeling pulse 

train 

ASL 
Readout 



 

Expected Outcomes and Alternative Methods: 

It is possible that we will not be able to fit a PASL or pCASL acquisition within the 3.5 second T1 recovery 

gap. A method we explored was running a PASL sequence before starting the CEST acquisition. This 

causes a delay in beginning the CEST acquisition and missing the beginning of the exponential decay 

when the signal is highest. We were still able to fit an exponential to the remaining signal, but the signal 

becomes noisier as the CEST effect decays. There may be intermediate methods available as well, such 

as placing the ASL acquisition after the first CEST image is acquired, 24 seconds post-exercise. This would 

occur during the period of increased hyperemia, but still allow sampling of the period of highest creatine 

concentration. Extending the TR of the CEST sequence is a possibility as well, though this would 

decrease the number of timepoint samples of the creatine kinetics decay.  We plan to assess the quality 

of measurements from the combined sequence versus our protocol used in Chapter 4 in volunteer 

studies after development. Healthy volunteers would be more capable than patients of doing three 

exercise sessions necessary to acquire both sets of imaging. Bland-Altman analysis will be used to show 

agreement between the two methods.  

Chapter 6.  Conclusions 

Our studies examined the utility of advanced endogenous contrast imaging in PAD. We found that 

patients with PAD demonstrated a significant increase in creatine decay times in the entire calf 

compared to their normal age-matched controls. In addition, the difference in creatine decay was also 

able to be isolated to the specific muscle groups of the calf including the gastrocnemius and posterior 

tibialis muscles. Measuring tissue energetics in exercising skeletal muscle in PAD has been performed 

with 31P MRS for over 25 years, which lacks spatial resolution and suffers from low SNR.[10] ASL and 

CrCEST are a powerful combination of quantitative MRI measures in assessing PAD and subjects’ 

response to treatment. While ASL perfusion results mirror that of ABI measurements, CEST provides 



insight into metabolic functioning and may provide an explanation for lack of functional improvement 

post-revascularization in some patients. Continued pulse sequence development will aid in the clinical 

usefulness and viability of a combined CrCEST and ASL protocol by shortening overall scanner time and 

decreasing painful exercise intervals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix 

The suitability of a solute that exchanges protons with free water for CEST imaging can be expressed as 

its proton transfer rate (PTR) 

𝑃𝑇𝑅 = 𝑥1𝛼𝑘45𝑇#6 Y1 − 𝑒
'(!"#)$%Z 														𝐴 − 1[89,8;] 

Where is 𝛼 is saturation efficiency,	𝑘45	is the exchange rate between the creatine amine proton and 

water, 𝑡10( is the saturation time, and 𝑇#6 is the T1 of water. 𝑥1 is a ratio of solute concentration 

expressed as 

𝑥1 =
[𝑐𝑟𝑒𝑎𝑡𝑖𝑛𝑒	𝑎𝑚𝑖𝑛𝑒	𝑝𝑟𝑜𝑡𝑜𝑛𝑠]

[𝑤𝑎𝑡𝑒𝑟	𝑝𝑟𝑜𝑡𝑜𝑛𝑠]
													𝐴 − 2[89,8;] 

The expected CEST signal can be derived from the PTR as follows 

1 −
𝑆10((∆𝜔)

𝑆!
= 𝑃𝑇𝑅 =

[𝐶𝑟𝑒𝑎𝑡𝑖𝑛𝑒]𝑃𝑇𝐸
2[𝐻"0]

												𝐴 − 3[89,8;] 

Where the proton transfer enhancement (PTE) is  

𝑃𝑇𝐸 = 𝑁=𝛼𝑘45𝑇#6 E1 − 𝑒
'#!"#&$%G 																𝐴 − 4[89'9!]  

Where 𝑁=  is the number of exchangeable protons per kilodalton.  
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